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Introduction
Patients with cerebellar disorders have various neurological impairments including motor disturbances, and cognitive or behavioral abnormalities (D'Angelo and Casali, 2012; De Smet et al., 2013; Stoodley et al., 2012) . The human cerebellum also contributes to cognitive and affective deficits (Schmahmann and Caplan, 2006; Stoodley, 2012) . Experimental ablation or stimulation of the cerebellar cortex or cerebellar nuclei in human alters behavior and cerebellar ablation impairs integrative functions such as learning and perception (Cooper, 1978) . Direct electrical cerebellar stimulation results in enhanced arousal and activation, changes that in turn may indirectly improve specific functions such as NeuroImage xxx (2013) xxx-xxx Abbreviations: tDCS, transcranial direct current stimulation; tcDCS, cerebellar transcranial direct current stimulation; TMS, transcranial magnetic stimulation; CBI, cerebello-brain inhibition; CBIRC, CBI recruitment curve; LTP, long-term potentiation; PAS, paired associative stimulation; mSI, motor surround inhibition; SRRT, serial reaction time task; VAS, visual analog scale; DLPC, dorso-lateral prefrontal cortex.
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perception, learning or emotion in humans (Riklan et al., 1976a (Riklan et al., , 1976b . Data in healthy subjects extend cerebellar roles to emotional and mood control (Baumann and Mattingley, 2012; Schutter and van Honk, 2006) . The neurophysiological technique customarily used over the past decades for non-invasively stimulating the cerebellum has been transcranial magnetic stimulation (TMS) (Minks et al., 2010) . Several years ago, we proposed a simpler technique than TMS for non-invasive cerebellar neuromodulation namely, transcranial cerebellar direct current stimulation (tcDCS) (Ferrucci et al., 2008) . tcDCS is based upon the same principle as transcranial direct current stimulation (tDCS): weak direct currents (DC) below 2-3 mA delivered for minutes over the scalp through a pair of surface electrodes induce prolonged changes in the underlying brain areas (Priori, 2003) . As tDCS has done over the past ten years (Nitsche and Paulus, 2011) , tcDCS promises to receive progressively increasing attention owing to its low-cost and safety (Priori et al., 2009) . Last, but more important, tcDCS -like tDCS -delivers an "ecological" stimulation because it can stimulate the cerebellum "online" while the subject engages in various activities, ranging from motor to cognitive or behavioral tasks. Ample evidence that we review here therefore supports the conclusion that tcDCS is a simple and novel approach for investigating human cerebellar function.
Motor control and motor learning
Seeking to explore how tcDCS affects the cerebello-brain interaction, Galea et al. (2009) studied 16 healthy individuals in three different experiments. TMS over the cerebellum elicits a short-latency inhibitory effect on the motor potential evoked by contralateral motor cortex TMS: this inhibitory interaction is known as cerebello-brain inhibition (CBI) (Ugawa et al., 1991) . In the first experiment Galea and coworkers, assessed changes in excitability in primary motor cortex (M1), brainstem, and CBI in 8 subjects before and after anodal, cathodal, or sham tcDCS applied at 2 mA intensity for 25 min over the right cerebellar cortex. They found that tcDCS modulated CBI in a polarity specific manner: cathodal tcDCS decreased CBI, whereas anodal and sham tcDCS left it unchanged. In the second experiment they evaluated the CBI recruitment curve (CBIRC) after anodal tDCS. CBI was measured using five different conditioning stimulation intensities. The investigators showed that after anodal tcDCS all the stimulation intensities elicited CBI, even intensities that when tested before tcDCS elicited no CBI. Finally, to assess how long the cathodal tcDCS-induced changes in CBI lasted, they measured CBI immediately after, 30 min and 50 min after tcDCS ended. The last set of experiments showed that after 2 mA cathodal tcDCS CBI decreased, and the decrease persisted for at least 30 min. Galea et al. (2009) produced direct evidence that the technique influences excitability in the cerebello-brain circuit.
More recently, to investigate whether tcDCS enhances locomotor learning, Jayaram et al. (2012) used a cerebellum-dependent split-belt walking task. During this task one leg is set to move three times faster than the other. This test procedure initially disrupts coordination between the legs so that the fast and slow leg steps are asymmetric. Over time, subjects learn to predict and account for the perturbation (Reisman et al., 2005) . They investigated the laterality of adaptive changes in 40 healthy subjects by separately delivering tcDCS (anodal, cathodal and sham) over the cerebellar hemisphere ipsilateral to fast and slow lower limb. tcDCS was delivered, only during locomotor adaptation, through two sponge electrodes (one electrode over the cerebellum 3 cm lateral to the inion, the other on the ipsilateral buccinator muscle), tcDCS intensity was set at 2 mA for 15 min. Anodal tcDCS applied during walking improved locomotor adaptation, whereas cathodal tcDCS worsened it, without affecting the rate of de-adaptation to the new locomotor pattern. The investigators speculated that anodal tcDCS acts in different ways: it could broaden the Purkinje cell populations that are available for learning or increase their dynamic range. In conclusion, Jayaram et al. (2012) provided important information showing that tcDCS can influence locomotor learning, a function classically thought to come mainly under cerebellar control. The results suggest that tcDCS could be used as a tool to modulate locomotor training in patients with neurological gait disturbances.
Seeking to dissociate the roles of the cerebellum and M1 during adaptive learning, Galea et al. (2012) applied anodal tDCS during a visuomotor adaptation paradigm in 72 healthy subjects in three different experiments. The first experiment included 3 groups each with different tDCS electrode placements. For the tcDCS group, the anodal electrode was positioned on the right cerebellar cortex and the cathodal electrode on the right buccinator muscle; for the M1 group the anodal electrode was placed over the left motor "hotspot" identified by single TMS pulses, and the cathodal electrode on the contralateral supraorbital region; for the sham group electrodes were applied over the right cerebellar or left M1 positions chosen at random. Anodal stimulation was set at 2 mA. The subjects underwent a visuomotor adaptation paradigm consisting of 6 blocks of trials and anodal tDCS was applied during blocks 2 and 3. During these 2 blocks, the groups differed in tDCS electrode positioning (tcDCS and M1) and in the amount of stimulation received (SHAM). During adaptation, the tcDCS group reduced their errors faster than the SHAM and M1 groups, but the total reduction in errors was similar across groups. In experiment 2, a new group of subjects underwent de-adaptation trials without visual feedback. Given that subjects could not observe movement errors, the investigators could assess whether tDCS over the cerebellum or M1 specifically influenced the forgetting rate for the previously acquired visuomotor transformation ( Fig. 1 ). When three groups underwent the same experimental procedures used in experiment one, during adaptation the tcDCS group reduced their errors faster than the other 2 groups (as happened in experiment 1). At de-adaptation onset, all groups made the same number of initial errors. During de-adaptation, the M1 group increased their ability to retain the newly acquired visuomotor transformation. In an experiment to assess whether the results found depended on cerebellar or occipital cortex (OC) modulation, two additional groups of subjects performed the same behavioral task as in experiments 1 and 2 but the task included only the initial 3 blocks. The last experiment showed that during adaptation the tcDCS reduced their errors faster than the OC and SHAM groups. Anodal tcDCS caused faster adaptation to the visuomotor transformation, as shown by a rapid reduction in movement errors. In contrast, tDCS over M1 left adaptation unchanged, but markedly increased the retention of the newly learnt visuomotor transformation.
One mechanism that the central nervous system uses to produce independent finger movements is motor surround inhibition (mSI). Seeking information on the mechanisms underlying mSI, Sadnicka et al. (2013) used tcDCS to examine the cerebellar role in mSI. Twelve healthy subjects completed a three session cross-over study in which mSI was measured before and after 20 min sham, anodal and cathodal tcDCS. The researchers found that neither anodal nor cathodal tcDCS modulated the magnitude of mSI suggesting that modulation of cerebellar excitability does not affect human mSI.
Neuroplasticity
The method commonly used to induce LTP-like plasticity is paired associative stimulation (PAS). The PAS technique entails delivering slow-rate repetitive low-frequency median nerve stimulation combined with transcranial magnetic stimulation (TMS) over the contralateral motor cortex. This protocol induces plastic changes in excitability in the human motor cortex (Classen et al., 2004) . In their later study Hamada et al. (2012) found that concurrent anodal or cathodal tcDCS blocked PAS25-induced plasticity. tcDCS was applied simultaneously with PAS at an intensity of 2 mA for 15 min, one electrode was placed on the right cerebellar cortex the other on the right buccinator muscle. The measured variables were resting and active motor thresholds, MEP amplitude, recruitment curves and short afferent inhibition. Twelve subjects participated in the first experiment, which consisted of three randomized ordered sessions, each separated by at least 1 week (anodal tcDCS-PAS25, cathodal tcDCS-PAS25 and sham-PAS25). The investigators found that sham tcDCS-PAS25 induced a lasting increase in MEP size but anodal tcDCS-PAS25 and cathodal tcDCS-PAS25 induced no consistent changes in motor cortical evoked responses. To investigate whether the tcDCS modulated PAS in a timing specific manner, Hamada and coworkers, also explored anodal tcDCS-induced effects on PAS21.5 ms. Eight subjects who were also enrolled in experiment 1 participated in the second experiment, entailing two randomized ordered sessions, separated by at least 1 week (anodal-PAS21.5 and sham-PAS21.5). Sham tcDCS-PAS21.5 induced a lasting increase in MEP sizes and the increase was larger after anodal-PAS21.5 than after sham-PAS21.5.
To test how tcDCS influenced cortical processing of sensory input, in the third experiment SEPs were recorded before and after anodal or sham tcDCS in a crossover design. Eight subjects of whom six were not enrolled in experiments 1 and 2 participated in the study. The investigators concluded that tcDCS had no effect on the early median-nerve SEP components. They showed that tcDCS blocks the PAS-induced LTP-like effects when the interval elapsing between peripheral and motor cortical stimuli is 25 ms, but not when it is 21.5 ms. They therefore speculated that separate mechanisms mediate PAS-induced changes in these two interstimulus intervals and that PAS25-induced changes depend specifically upon the cerebellum.
The blocking effect on PAS agrees with the tcDCS-induced blocking effect on learning that originally allowed Ferrucci et al. (2008) to describe tcDCS (see Section Cognition, learning and emotions). Hence, tcDCS can influence neuroplastic changes taking place elsewhere in the central nervous system thus making the cerebellum a potential "window" for modulating widely ranging neural functions.
Cognition, learning and emotions

Working memory
Even though the cognitive and behavioral cerebellar functions in humans are probably the least understood, tcDCS-induced changes in these functions were first assessed in a cognitive task involving working memory. In this study (Ferrucci et al., 2008) , in 13 healthy subjects we tested whether tcDCS -delivered through a surface electrode placed over the cerebellum for 15 min, at 2 mA -modified the practice-dependent increase in the proficiency of a working memory task. We found that anodal and cathodal tcDCS both impaired the practice-dependent improvement in the reaction times. In addition, to test whether tcDCS induced specific cerebellar changes in working memory, we compared tcDCS-induced changes after delivering tDCS over the dorsolateral prefrontal cortex (DLPC). In this series of experiments, unlike tcDCS, tDCS over the DLPC induced an immediate change in the working memory task but left its practice-dependent proficiency unchanged demonstrating that the tcDCS-induced Fig. 1 . The figure shows that cerebellar transcranial direct stimulation (tcDCS) caused faster adaptation to the visuomotor transformation, as shown by a rapid reduction in movement errors whereas tDCS over M1 left adaptation unchanged, but resulted in a marked increase in retention of the newly learnt visuomotor transformation. A: Group data for experiment 1. End point error (degrees) are shown during baseline (Pre1 and 2), adaptation (Adapt1 and 2), and deadaptation (Post1 and 2) blocks, for the SHAM (black), tcDCS (red), and M1 (blue) groups. B: Group data for experiment 2. End point error (degrees) are shown during baseline (Pre1 and 2), adaptation (Adapt) and deadaptation blocks with no visual feedback (Post1, 2, and 3) for the SHAM (black), tcDCS (red), and M1 (blue) groups. Positive values indicate counterclockwise deviation. The shaded area represents blocks in which tDCS was applied. Bar graph insets indicate mean end point error in degrees (±SEM). *P > 0.05. From Galea et al. (2012) , with permission. changes are structure specific. Finally, to assess whether tcDCS influenced the visual cortex, we also assessed changes in visual evoked potentials. This last experiment failed to disclose tcDCS-induced changes in visual evoked potentials therefore ruling out visual cortex involvement. We therefore concluded that tcDCS specifically impairs the practice-dependent proficiency of a verbal working memory task. To explain our findings we speculated that tcDCS influences neuronal excitability in the cerebellar cortex thus interfering with neuronal function, and ultimately impairing the practice-dependent cerebellar changes but not the working memory per se.
Four years later, Boehringer et al. (2012) substantially reproduced these results. In 40 healthy young participants they investigated how cathodal tcDCS influences verbal working memory as measured by forward and backward digit spans before and after applying right cathodal tcDCS (2 mA, stimulation duration 25 min). In addition, they tested tcDCS-induced changes in word reading, finger-tapping and a visually-cued sensorimotor task. In line with our findings (Ferrucci et al., 2008) , they showed that tcDCS reduced forward digit spans and blocked the practice-dependent increase in backward digit spans. Hence current knowledge shows that tcDCS can block the practicedependent proficiency increase thus providing the rationale for using this technique for contrasting maladaptive plasticity after an acquired central nervous system lesion.
Extending research on tcDCS in memory processes, Pope and Miall (2012) reported that cathodal tcDCS over the right cerebellum improved cognitive performance in the Paced Auditory Serial Subtraction Task (PASST) evaluating the arithmetic aspects of working memory and attention. Three groups of 22 participants each performed the PASST and the Paced Auditory Serial Addition Task (PASAT) two cognitive tasks that require comparable motor skills, but different levels of working memory and attention, before and after anodal or cathodal tcDCS for 20 min, at 2 mA, with one electrode positioned on the right cerebellar cortex and the other on the right deltoid muscle. Participants' performance in the difficult PASST task improved significantly after cathodal tcDCS but remained unchanged after sham or anodal tcDCS. All three stimulation conditions elicited similar improvement in the easier PASAT. These findings suggest that right cathodal tcDCS affects working memory and attention differentially depending on task difficulty (Fig. 2) .
The variability in the cathodal tcDCS-induced changes in working memory in the foregoing studies probably depends on differences in electrode location (right cerebellum, or bilateral cerebellum). Another explanation involves variance in the cognitive and neural processes associated with the cognitive tasks used.
In conclusion, available studies show that tcDCS can influence working memory. Understanding how to manipulate the ability to form new memories and acquire new skills gives an exciting opportunity to extend tcDCS use from a neuroscience research tool to a therapeutic option in patients.
Learning
The cerebellum participates also in procedural learning, a major learning type that takes place daily without our intent or conscious awareness, and plays a major role in structuring our skills, perceptions, and behavior (O'Halloran et al., 2012) . We investigated whether tcDCS influences procedural learning as measured by the serial reaction time task (SRTT), in which subjects make key press responses to visual cues (Ferrucci et al., 2013) . Twenty one participants did the SRTT, a visual analog scale (VAS) and a visual attention task, before and 35 min after receiving anodal and sham tcDCS for 20 min at 2 mA. The main finding in this study is that anodal tcDCS influenced procedural learning as indexed by the SRTT in healthy subjects. Because mood and fatigue VAS and visual attention task remained unchanged, the tcDCS-induced changes in SRTT performance did not reflect changes in arousal or alertness. Hence tcDCS modulated and improved healthy subjects' performance during procedural learning suggesting that tcDCS could be a useful new tool for studying cerebellar cognitive functions. Fig. 3 . The figure shows changes induced by cerebellar transcranial direct current stimulation (tcDCS) in negative emotional recognition in healthy subjects. On each box the central mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers extend to the most extreme data points not considered outliers, and each outlier is plotted individually (cross). y-Axis: RTs (ms). Trial-to-trial grand average (n = 21) of reaction times (RTs) across task stimulus presentation before tcDCS stimulation (24 answers) and after tcDCS stimulation (24 answers). x-Axis: answers, note that the x-axis graphically represents the time elapsing between the end of the task execution before stimulation and the beginning of the task execution after tcDCS; y-axis: RTs (arbitrary units, AU). Note that anodal and cathodal cerebellar tDCS both reduce baseline RTs for negative emotions. *P > 0.05. The trial-to-trial representation highlights the finding that anodal and cathodal curves differ from sham curves for negative emotions. From Ferrucci et al. (2012), with permission.
Emotion recognition
Continuing research into non-motor cerebellar functions, in another study we assessed whether tcDCS influences facial emotion recognition (Ferrucci et al., 2012) . To do this we assessed 21 healthy subjects with a facial emotion recognition task before and after tcDCS (2 mA, 20 min). All the subjects were also assessed with a visual attention task and a VAS for mood. Anodal and cathodal tcDCS significantly enhanced the response to negative facial emotions leaving perception of positive and neutral facial expression unchanged (Fig. 3) . To assess the specificity of our findings we tested our subjects also before and after right prefrontal cortex stimulation but observed no significant effect. These results suggest that brain processing of negative facial expressions involves at least two dissociable, but interlocking systems. One responds to facial stimuli (sad) involved in social conditions; the other implicates regions involved in behavioral extinction by responding to angry facial expressions. tcDCS alters the way healthy subjects recognize specific facial expressions thus showing that the cerebellum plays a direct role in recognizing negative emotions. This finding could have interesting applications in psychiatry.
In conclusion, whatever the mechanisms, overall our experiments imply that the cerebellum facilitates practice-dependent proficiency (i.e. learning) in the working memory task but exerts an inhibitory control over recognition of negative facial emotion.
tcDCS mechanism of action and safety
Overall the studies we reviewed show that tcDCS influences cognitive and motor functions. But they left open a major question, namely how the electric field generated by tcDCS actually reaches the cerebellum? A recent study provides interesting clues (Ferrucci et al., 2013) . To estimate electric fields (E) and current density (J) distributions we applied a computational electromagnetic method on a model for a healthy subject (a 26-year-old female) based on high-resolution magnetic resonance (MR) images, and segmented into a voxel-based format at a resolution of 1 mm. The model comprised up to 77 different tissues, whose dielectric properties were defined (Parazzini et al., 2011 (Parazzini et al., , 2012 . The electrodes were rectangular pads (σ = 5.9 × 10 7 S/m) with a sponge (σ = 0.3 S/m) placed directly under the electrode. The tcDCS intensity was 2 mA. This preliminary modeling study demonstrated that the extra-cephalic electrode montage (active electrode over the cerebellum with a reference electrode over the right arm) generated the maximum electric field amplitude in the cerebellum without substantial spread to the brainstem or other brain structures (Ferrucci et al., 2013) (Fig. 4) . Once the electric field actually reaches the cerebellum, another important issue is how tcDCS influences cerebellar activity. tcDCS could interfere with Purkinje cell LTD by altering the membrane potential fine-tuning and the relative pace-making properties. Induced cerebellar functional changes presumably act on the cortical structures primarily involved in motor, cognitive and emotional processing through the cerebellar efferent projections.
A further important point is tcDCS polarity-specificity. In their study investigating this feature, Galea et al. (2009) found a clearly polarity-specific effect on cerebello-brain inhibition. This finding seemingly contrasted with our two studies on cognitive and emotional processing (Ferrucci et al., 2008 (Ferrucci et al., , 2012 . The lack of polarity specificity, besides possibly arising from methodological differences (i.e. the geometry of the electric field and the position of the stimulating electrodes), agrees, however, with earlier experiments testing the tDCS-induced changes in cognitive variables (Marshall et al., 2005) and could also depend upon the relative current strength in tcDCS (Batsikadze et al., 2013) . The lack of a polarity effect could arise also from polaritydependent changes in neuronal function. This interpretation receives support from an early study reporting that anodal and cathodal polarization blocks axonal conduction (Lorente De No`, 1947) .
Conclusion and future perspectives
Available data provide evidence that tcDCS modulates human cognitive and motor cerebellar functions, further studies need to find out how tcDCS works and develop optimum stimulation settings. This information will be important in developing new therapeutic interventions using cerebellar modulation in conditions characterized by cerebellar dysfunction, such as, ataxia, Parkinson's disease, autism and schizophrenia (Massaquoi, 2012; Wu and Hallett, 2013; Yeganeh-Doost et al., 2011) .
Cerebellar involvement in autism, schizophrenia, and other cognitive disorders is typically associated with prefrontal cortical dysfunction. In mice, stimulation applied to the dentate nucleus evokes dopamine release in the medial prefrontal cortex. Extending these findings to patients, Rogers et al. (2012) suggested that the neuropathological changes in the cerebellum commonly observed in autism, schizophrenia, and other cognitive disorders could result in aberrant dopaminergic activity in the medial prefrontal cortex. Dopamine and glutamatergic dysregulation may be associated with deficits in working memory, reward and motivation and tcDCS might readjust dopaminergic system in patients.
Future studies designed to investigate whether tcDCS can improve specific features related to motor or cognitive performance in cerebellar disorders must take into account evidence that the cerebellar cortex exerts a predominant inhibitory effect on the cerebellar nuclei given that these nuclei can be variably affected by the disease, the lesion's location in the cerebellar circuitry, and possible extracerebellar lesions along the afferent pathways.
Research findings already provide evidence that tcDCS can influence motor adaptation, learning, memory and emotional processing in healthy humans. Despite the scanty literature, our review suggests that tDCS holds promise for restorative neurology and rehabilitation also thanks to its simplicity, low cost, and suitability for use online.
